We demonstrate the spin Seebeck microscope as a sensitive, table-top method for imaging in-plane antiferromagnetic order in thin films. Using Pt/NiO(111)/Pt samples, we resolve antiferromagnetic spin domains within crystalline twin domains and image the effects of spin-orbit torque switching. We find a linear correlation between spin-torque-induced changes in the integrated spin Seebeck signal and in the spin Hall magnetoresistance, confirming that we image antiferromagnetic order. The measurements show that changes driven by spin-orbit torque can occur both by antiferromagnetic domain wall motion and domain flopping, and only a small fraction of the NiO sample is altered.
I. INTRODUCTION
Antiferromagnets (AFs), long relegated to a supporting role as the pinning layers in ferromagnetic spintronic devices [1, 2] , are emerging as the active element in antiferromagnetic spintronic devices [3] [4] [5] . In constrast to ferromagnets (FMs), AFs are insensitive to magnetic fields [6] and exhibit dynamics at the THz frequency scale [7, 8] . Additionally, AFs have magnetotransport effects that enable electrical readout [9, 10] . Taking advantage of these attractive properties, however, requires overcoming the challenge of reliably manipulating the Néel order.
Recent breakthroughs in electrical [11, 12] and optical [13] control provide a path toward reliable devices. In particular, electrical switching was demonstrated in the metals CuMnAs [11, 14] and Mn 2 Au [15] using Néel spin-orbit torque, in which the sign of the spin-orbit field from DC current within the material alternates on each lattice site to coherently rotate the Néel vector [16] . Recently, electrical switching of an AF via an antidamping spin-torque was also demonstrated in insulating NiO by Moriyama et al. [17] and Chen et al. [18] after several predictions [19] [20] [21] . In this mechanism, the DC current passing through an adjacent Pt layer generates a spin current through the spin Hall effect, which then exerts an antidamping torque on the spins at the Pt/NiO interface. The resulting changes to Néel order are read out electrically using an antiferromagnetic analog of the spin Hall magnetoresistance (SMR) [22] [23] [24] . Switching by antidamping spin torque does not require that the spin sublattices form inversion partners, which is required for Néel spin-orbit torque, and hence it is a more general approach that could enable all-electrical control over a wider variety of AFs.
Previous experiments have shown that spin-torque switching in AFs is nonuniform [14, 25, 26] and heavily influenced by local magneto-elastic coupling [27] . Nominally identical samples display switching efficiency that varies by up to a factor of 7 [17] at the same current density, demonstrating a need for better understanding of the switching process at the domain level. Systematic spatially-resolved studies are necessary to firmly establish the spin rotation mechanisms, the fraction of the domains that switch, and the reproducibility of switching.
A primary challenge when imaging antiferromagnetism is to find an experimental probe that is sensitive to the Néel order and also provides the sub-µm resolution necessary to resolve domains. X-ray magnetic linear dichroism combined with PEEM has been the most reliable technique [25, 28] ; however, it requires a coherent x-ray source that is available at only a few facilities. Second-harmonic [29, 30] and quadratic magneto-optical techniques [31] are available in a table-top format, but the small signal sizes create a need for background subtraction, which can be a problem because antiferromagnets are difficult to fully saturate [6] . As an alternative, recent demonstrations of antiferromagnetic analogs of the anomalous Nernst effect [32] and the spin Seebeck effect [33, 34] open up the possibility of using spin-thermal effects as the imaging probe, since they can be directly sensitive to the Néel order [3] . In addition, the previous work from our group demonstrating high-sensitivity imaging of ferromagnetic order with sub-µm resolution via the anomalous Nernst and longitudinal spin Seebeck effects [35] [36] [37] [38] suggests that a practical and sensitive magneto-thermal microscope for Néel order can also be developed.
In this work we use spin Seebeck microscopy to image spin-orbit torque switching in Pt/NiO(111)/Pt trilayers. We establish that we sense the in-plane Néel order and that we resolve 1-10 µm-size S(spin)-domains within crystalline T(twin)-domains. By imaging before and after spin-torque switching, we reveal the effects of antidamping spin torques on the Néel order of NiO, including the observations of domain motion and domain flopping between in-plane easy axes. Our measurements explain some of the training effects that were previously observed in spin-torque switching of Néel order in NiO and suggest future strategies that can improve AF switching devices.
The organization of this paper is as follows: we first discuss the antiferromagnetic domain structure of NiO and the basic measurement procedure. We present initial spin Seebeck images, identify domains, and observe domain rotation after applying switching current that corresponds with changes in the overall Néel orientation read through SMR. We then discuss the mechanisms that produce the contrast, and move on to study domain motion and flopping.
II. IMAGING NÉEL ORDER WITH SPIN SEEBECK MICROSCOPY

A. Resolving spin and twin domains in NiO
NiO is a collinear insulating antiferromagnet [39] with a Néel temperature T N of 523 K in bulk [40] . A combination of superexchange and dipolar interactions between Ni atoms along the 100 directions aligns the spins in ferromagnetic {111} planes, in which spins on one plane are antiparallel to spins on the adjacent plane [28] . Magnetostriction along 111 from the AF ordering causes crystallographic twinning, forming four T(twin)-domains in bulk NiO [41] . In epitaxial (111)-grown thin films, which is the growth configuration of our samples, there are two T-domains that are rotated by 180
• relative to each other [42] . Within each T-domain a small cubic anisotropy introduces three additional easy axes along [112] [43, 44] within the {111} plane, along which the spins align to form 6 possible in-plane S(spin)-domains.
We resolve the S-and T-domains with spin Seebeck effect microscopy [38] using a geometry illustrated schematically in Fig. 1(a) . We focus 3 ps-pulses from a Ti:Sapphire laser down to a 700 nm spot size, which produces a local out-of-plane thermal gradient, especially at the Pt/NiO interfaces (see the supporting information for more details [45] ). The thermal gradient generates a local spin current J s with polarization σ, which diffuses into both Pt layers. Within the Pt, the spin current is transduced into a charge currentĴ c ∝σ ×Ĵ s via the inverse spin Hall effect, which results in a voltage drop across the sample. By raster scanning the focused laser over the sample, we build a map of the ISHE voltage. As discussed in Sec. III, both experimental and theoretical evidence suggest an interfacial antiferromagnetic spin Seebeck effect as the source of the spin current. With this source, we measure the in-plane projection of the Néel order at the top and bottom interfaces that is transverse to the voltage contacts, which is N x in all images presented.
Our samples are 10 µm × 50 µm Hall crosses that are lithographically patterned from epitaxial 4 nm Pt/6 nm NiO(111)/4 nm Pt films sputtered on MgO(111) substrates. We employ Pt layers both above and below the NiO following the argument of Ref. [17] , which is that in regions of the sample where the spins in the top and bottom uncompensated AF monolayers are antiparallel -half of the device area on average due to nanometerscale roughness -the torque from each monolayer adds together to rotate more of the NiO thickness. We first report images of samples that have been annealed in air at 200
• C for 20 min. This increases the S-domain size from submicron to 2-5 µm [43] , well above the 700 nm resolution of our microscope.
An example LSSE image of an annealed sample is shown in Fig. 1(b) , acquired at room temperature using 3.4 mJ/cm 2 laser fluence. Note the voltage we plot is not the actual spin Seebeck voltage but rather a lock-in voltage after amplification, mixing, and demodulation. In addition we normalize the images by an impedance-matching factor to quantitatively compare signals from samples with different resistances, as described in the supporting information [45] . T-domain walls between twinned in-plane crystal grains are visible as sharp straight lines in the LSSE images, and are also visible in atomic force microscopy images [45] as steps in height. S-domain walls are visible in the LSSE images as a more gradual transition from positive to negative contrast within one T-domain. The size, shape, and distribution of S-and T-domains are consistent with previous XMLD-PEEM imaging studies of NiO [43, 46, 47] . Figure 2(a) shows an LSSE image of a second annealed NiO sample, demonstrating the reproducibility of the features discussed above.
B. Initial imaging of spin-torque switching
Next we perform spin-torque switching, following the procedure of Refs. [17, 18] . We apply a DC writing current and then characterize the Néel state electrically by measuring the change in the Hall resistance R H due to SMR: R H = −∆R SM R sin θ cos θ, where θ is the angle between the spatially-averaged Néel vector N and the reading current. Ref. [17] and Ref. [18] find that N orders perpendicular and parallel to the writing current, respectively, but in either case ∆R H is maximized by applying the writing current at 45
• diagonals. Therefore, we apply writing current to two of the arms of the Hall cross such that the current density in the center of the device flows along a 45
• diagonal (schematically illustrated in Fig. 2(b) ). The current density flowing in a cross structure is not uniform; using finite-element simulation described further in the supporting information [45] , we estimate a writing current density of 3.8 × 10
7 A/cm 2 within the channel, 8 × 10 7 A/cm 2 at the corners, and 3.1 × 10 7 A/cm 2 in the center of the cross. Hereafter we refer only to the density in the center of the cross, J W . After each application of writing current, we measure the Hall resistance R H by applying a reading current density J R = 1.5 × 10 6 A/cm 2 from branch A to B and measuring the transverse voltage from C to D as shown in Fig. 2 Fig. 2(c) , with the writing current direction alternating between +45
• and −45
• . We image before applying current and then after each of four successive applications. We observe changes in contrast at T-domain boundaries and at the top right corner, highlighted in in dashed line, although most S-domains remain unchanged.
To quantify the changes to S-domain structure from switching, we calculate the difference between images before and after applying current, shown in Fig. 2(d) . We expect that switching can occur either by domain wall motion, which changes the relative size of different S-domains, or by flopping from one in-plane easy axis to another. In this annealed sample we observe domain flopping at a sample corner, where the writing current density is greatest, and at T-domain boundaries, where the spins are less strongly exchange-coupled. Prominent regions of switching are highlighted; weaker contrast in other parts of the difference images may be due to imperfect image alignment in some cases. We observe both positive and negative changes in contrast in different parts of the sample, which could be due to different S-domains rotating in opposite directions, as seen in imaging studies of switching in CuMnAs [25] . This spatial nonuniformity in sample response may also be reflected in R H , which as shown in Fig. 2 (e) does not reproducibly toggle between high and low values after alternating the direction of J W .
To compare LSSE images with SMR readout, we take the average of all the pixels in and near the cross center in each LSSE image (described in the supporting information [45] ), which like R H measures the average Néel orientation in the cross center. This average V LSSE tracks R H point-by-point, shown in Fig. 2(e) , and plotting one versus the other yields a linear relationship, shown in Fig.  2(f) . This linear correlation indicates that the changes in contrast indeed represent nonuniform antiferromagnetic switching.
III. ORIGIN OF THE NÉEL CONTRAST
We now discuss the origin of the Néel contrast in our measurements in terms of the antiferromagnetic longitudinal spin Seebeck effect (AF LSSE). As with the FM LSSE effect, we expect that both bulk [48, 49] and interfacial [50] AF spin Seebeck effects are possible. A FM LSSE effect could also contribute to our signal if the spins at the Pt/NiO interface are canted [51] , or if there are uncompensated spins, for example from surface roughness [52] , that produce a net moment in addition to the top uncompensated layer. We treat each possibility in turn.
AF LSSE has only recently been observed in the uniaxial antiferromagnets MnF 2 [33] and Cr 2 O 3 [34] . As in the FM LSSE [53] , a thermal gradient generates a magnonic excitation that produces a longitudinal spin current. In a uniaxial, two-sublattice antiferromagnet such as MnF 2 , there are two degenerate magnon modes that produce spin current in opposite directions. The degeneracy can be broken in the bulk by applying a large magnetic field (>1 T) and cooling to below 30 K [33, 34] . The degeneracy can also be broken at an interface by an excess of one sublattice, either from an uncompensated interface or a √ N statistical imbalance in sublattice spins at a compensated interface. Both possibilities are predicted to produce an interfacial AF LSSE [54] with spin polarization σ int parallel to the dominant sublattice. Note that although this effect can occur at room temperature and zero applied magnetic field, it does not require a net moment in the material and is therefore distinct from a FM LSSE. The spin structure in NiO is also more complicated than that of MnF 2 and Cr 2 O 3 : dipolar coupling between next-nearest-neighbor Ni spins lead to four coupled sublattices and eight antiferromagnetic magnon modes [55] , including three doubly-degenerate modes and two nondegenerate modes. Theoretical treatments of NiO predict a bulk AF LSSE in which the non-degenerate magnon modes leads to a non-zero net spin current with spin polarization σ bulk ⊥ N [56, 57] at room temperature and zero magnetic field.
Both interfacial and bulk AF LSSE could contribute to our signal, however, there is reason to think an interfacial effect dominates. The surface of NiO (111) is uncompensated, therefore we expect an interfacial signal to be present. In addition, finite-element simulation of the laser heating (described further in the supporting information [45] ) shows a peak temperature drop of ∼ 30 • C at the Pt/NiO interfaces as compared with a ∼ 2
• C temperature drop across the NiO thickness, suggesting that an interfacial effect is more strongly excited than a bulk effect. Therefore, we tentatively assign our V LSSE signal to the interface effect, in which case the signal reports the projection of the Néel vector transverse to the voltage contacts. In all LSSE images this projection is N x , and the sign is determined by the orientation of the topmost uncompensated layer.
Our interpretation of V LSSE ∝ N x is consistent with the polarity of ∆R H with respect to the direction of J W , most clearly seen in images 2, 3, and 4 in Fig. 2 (c) in which switching occurs mostly at the top right sample corner. Using the sign of the coefficient ∆R SM R determined by previous measurements of SMR in Pt/NiO at high magnetic fields [24, 58] , the polarity of ∆R H after I 45 • and I −45 • indicates that N rotates towards the switching current J W . This result does not necessarily conflict with the conclusion in Ref. [17] that N rotates perpendicular to J W , since the direction in which N rotates is spatially inhomogeneous and also seems to depend on the magnitude of J W as shown in the supporting information [45] . N rotating towards J W in this sample is consistent with the interpretation of the image contrast as N x : the signal in the corner becomes more positive after I 45 • , which rotates N towards the positive x-direction, and less positive after I −45 • , which rotates N towards the negative x-direction.
The signal interpretation is slightly complicated by the fact that we make contact to both Pt layers, above and below the NiO. Testing the contribution of each Pt/NiO interface to the LSSE signal by separately imaging samples of MgO/Pt/NiO and MgO/NiO/Pt (shown in the supporting information [45] ) shows that both interfaces contribute, although not necessarily equally if the quality is different on the top and bottom interface. From symmetry arguments, the LSSE signals should add together when the spins in the top and bottom uncompensated monolayers are parallel and cancel out when they are antiparallel. This would initially seem to hinder imaging of switching, because only regions with antiparallel top and bottom spins contribute to switching according to • current directions as in Fig. 2 . In addition, in 2 and 3 we image twice after applying current to resolve domain wall creep. Near the top of the channel we observe pixels switching between blue and red, corresponding to S-domain flopping. Regions of flopping range from ∼ 2 µm down to our resolution limit, indicating sub-µm S-domain size. (b) Sequential differences between the images in (a). In addition to domain flopping, we observe stripes of alternating sign, corresponding to growth and movement of S-domains, that are highlighted with the dashed line. 3 − 2 shows that after switching the domains relax in the opposite direction in which they initially moved. Domain wall motion disappears with repeated toggling in a training-like effect. (c) RH and average VLSSE while toggling between I 45 • and I −45 • as in Fig. 2 . Values of RH and VLSSE corresponding to LSSE images are labeled. Confidence intervals are approximately 70 mΩ for RH and 2 µV for VLSSE. Decreased domain motion corresponds to decreased ∆RH . (d) RH vs time after switching in a similar sample. The inset shows that RH approximately exponentially relaxes over 2-3 hours opposite to the direction of initial switching, consistent with the domain wall creep that we image. (e) Integrated LSSE signal vs RH . We find a linear relationship in both annealed and unannealed samples.
the argument of Ref. [17] . However, we argue that LSSE imaging should still show switching, as follows: although we expect that spatial variation between parallel and antiparallel spins occurs on the nanometer scale, we also expect that the exchange coupling between spins causes S-domain rotation on the scale of hundreds of nanometers. Therefore, the parallel regions that contribute to the LSSE signal are dragged along by the antiparallel regions that contribute to switching. The ∼700 nm laser spot size averages out surface roughness to yield a net signal that is proportional to N x .
In addition to AF LSSE, a FM LSSE could also contribute to our signal, which could originate from canted moments [51] at the Pt/NiO interfaces or from pinned uncompensated spins that are distinct from having an uncompensated AF monolayer [59] . We systematically check for local FM moments with field-dependent LSSE imaging, polarized neutron reflectometry (PNR), and scanning SQUID magnetometry. The LSSE signal is constant up to 250 mT, the largest field we can apply in our setup, and PNR and scanning SQUID show no FM moments within resolution. We check for spurious nonmagnetic signal by performing the same procedure of applying current and imaging on Pt/MgO samples, and find negligibly small signals and no local switching. All these results are presented in the supporting information [45] . Ruling out bulk AF LSSE, FM LSSE and non-magnetic signal, we are left with an interfacial antiferromagnetic spin Seebeck effect as the dominant source of signal in the LSSE images.
IV. IMAGING DOMAIN FLOPPING AND DOMAIN WALL MOTION
Having established a mechanism for the signal contrast, we now focus on understanding the microscopic phenomenology of switching in NiO in unannealed samples in which the S-domain configurations are more disordered. As before, we perform the 90
• toggling of the current, using J W = 3.1 × 10 7 A/cm 2 , after each current application taking LSSE images and measuring R H . LSSE images are shown in Fig. 3(a) : T-domain lines are still faintly visible, and we observe small, granular contrast down to our resolution limit. Previous XMLD-PEEM images of NiO show S-domain sizes ranging from ∼300 nm to several microns, which is consistent with our observation that some S-domains are not completely resolved in these samples. Interestingly, when we apply the same current density as before (J W = 3.1 × 10 7 A/cm 2 ), we find a stronger change in the SMR response, which is larger by a factor of 5: ∆R H /R sample = 0.1% compared with 0.02% in annealed NiO. This suggests that a greater fraction of the S-domains switch in unannealed NiO.
To gain additional insight into the mechanisms that lead to the stronger response, we examine the AF LSSE images after applying current. In Fig. 3(a) , we image after applying I 45 • (1) and again after applying I −45 • (2). We image again after 30 minutes without applying current (2 ) to study relaxation effects that we discuss below. Finally, we again image after sequentially toggling the current direction.
In Fig. 3(b) we plot differences to show the change in contrast, which reveals a complicated, nonuniform switching pattern. This is not surprising considering previous XMLD-PEEM studies of switching in CuMnAs [14, 25] that revealed granular switching in which some domains rotate, some are unaffected, and some appear to switch in the opposite direction. In our samples, we also observe several effects. Domain flopping is evident in the top branch in Fig. 3(b) . The spatial extent of the flopping ranges from ∼ 2 µm down to the resolution limit, confirming that at least some S-domains are subµm. The polarity of ∆R H with respect to J W , shown in Fig. 3(c) , indicates that at J W = 3.1 × 10 7 A/cm 2 , N rotates towards J W similarly to the annealed sample in Fig. 2 . The LSSE images are again consistent with V LSSE ∝ N x : domains flop to positive V LSSE after I 45 • and negative V LSSE after I −45 • .
In addition to domain flopping, near the center of the cross we observe ∼ 10 µm-wide stripes of alternating positive and negative contrast that correspond to both growth and movement of S-domains. These stripes are highlighted in 2 − 1 and 2 − 2 by drawing dashed lines where the voltage changes sign. The stripes are relatively uniform, suggesting areas of uniform switching. However, the corresponding areas in the raw LSSE images in Fig.  3(a) , shown by transposing the dashed lines in 2 − 1 and 2 − 2 onto 2 and 2 , respectively, are nonuniform and do not form clear domain walls. This may be due either to incompletely resolved sub-µm S-domains moving together, causing apparent uniform switching, or to uniform switching of large (several micron) but disordered S-domains. Further studies are necessary to distinguish the two cases.
Inspection of 2 − 2, which represents the difference between the Néel order just after current is applied and after 30 minutes without stimulus, reveals that the Sdomains continue to evolve after the current is removed. In particular, we see that they relax opposite to the direction in which they were pushed by the current. We see a corresponding time variation in the SMR in a similar sample: Fig. 3(d) shows R H (t) after switching at the same current density. After switching, R H relaxes approximately exponentially in the direction opposite to its initial switch, as predicted by models of subthreshold magnetoelastic domain creep [60] , over a 3-hour period. Figure 3 (b) also reveals that domain wall motion is greatly diminished after the third successive switching attempt at the same current density. By measuring R H after each image, we find that the switching efficiency decreases by a factor of 2, shown in Fig. 3(d) , and continues to decrease until ∆R H stabilizes at 60 mΩ, 13 times smaller than the initial 750 mΩ change. Decreased switching efficiency after repeated switching is consistent across all the samples we measure [45] . This behavior may be analogous to the training effect in exchangebiased antiferromagnet/ferromagnet bilayers, where the magnitude of exchange bias and coercivity decrease after repeated reversals [61] . Further study will be required to understand the mechanism behind this phenomenon and determine the roles of athermal and thermal training in AF spin-torque switching. After domain motion is diminished, domain flopping continues to occur, but the 4 − 3 image indicates that it occurs on the local, sub-µm scale rather than over large areas of the sample. The integrated LSSE signal again linearly correlates with the overall Néel order measured through R H , shown in Fig.  3(e) , indicating that the non-uniform changes in contrast we measure represent antiferromagnetic switching in a locally disordered sample.
V. CONCLUSION
In conclusion, we demonstrate spin Seebeck microscopy as a powerful tabletop technique for imaging in-plane Néel order in an antiferromagnetic insulator. We use this technique to study the microscopic behavior of antidamping torque switching in Pt/NiO/Pt trilayers. We find that samples with 2-5 µm domain size exhibit local domain flopping, while samples with submicron S-domain size exhibit both domain flopping and domain motion -the latter of which only lasts a few cycles. These insights provide critical understanding of spinorbit torque switching in NiO and point the way towards systematic optimization of antiferromagnetic spintronic devices. Moreover, we expect AF LSSE microscopy to extend to a wide variety of antiferromagnetic insulators with uncompensated interfaces, which can aid in the development of new device technologies based on different antiferromagnets.
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S2. EXPERIMENTAL DETAILS OF SPIN SEEBECK MICROSCOPY
Our measurement circuit, schematically shown in Figure S2 , is similar to that described in [35] and [38] . We generate local heating with 3 ps-wide pulses from a Ti:Sapphire laser, at a repetition rate of 76 MHz, which we focus down to a 700 nm diameter spot. The laser pulse train produces a spin Seebeck voltage pulse train, V LSSE , at the same repetition rate, which we feed into a 50 Ω transmission line. We then amplify the pulses and electrically mix them with a train of 600 ps-wide mixing pulses produced by an arbitrary waveform generator (AWG). We synchronize the laser repetition rate to the external AWG pulse train frequency using a Coherent Synchro-lock AP 9th-harmonic locking mechanism inside the laser cavity. To take advantage of low-noise lock-in detection techniques, we modulate the intensity of the laser beam at 100 kHz with a photoelastic modulator and a polarizer.
Note that impedance mismatch between the sample resistance and the 50 Ω transmission line results in an overall signal scaling factor that depends on sample resistance, which ranges between 450 Ω and 650 Ω in our Hall crosses. To remove this dependence, all V LSSE images, both in the main text and in the supplementary information, have been normalized by the factor (R sample + 50 Ω)/50 Ω, which is 10.70 in Fig. 1, 10 .38 in Fig. 2, and 13 .62 in Fig. 3 of the main text.
FIG. S2
. Schematic of the measurement circuit. 3 ps pulses from a Ti:Sapphire laser at 76 MHz repetition rate generate voltage pulses, which are amplified and mixed with a reference voltage pulse train from an arbitrary waveform generator (AWG). We modulate the laser intensity at 100 kHz with a photoelastic modulator (PEM) and detect the resulting voltage with a lock-in amplifier.
S3. CHARACTERIZATION OF THE LSSE SIGNAL A. Effect of laser fluence on LSSE images
We perform LSSE imaging on an unannealed 10 µm-wide Pt/NiO/Pt sample as a function of laser fluence, first to check linearity of the signal at low fluence and second to determine the effect of laser-induced heating on the Néel order at high fluence. Fig. S3(a) shows that from 1.8 mJ/cm 2 to 5.6 mJ/cm 2 , the S-domain structure is unaffected, and Fig. S3(b) shows that the integrated LSSE signal over the whole sample scales linearly with fluence. Since the images in the main text are taken at 3.4 mJ/cm 2 fluence, this result suggests that in those images, the laser probes the Néel order without perturbing it. We then image repeatedly at 5.6 mJ/cm 2 laser fluence, which heats the top NiO surface to a maximum of 390 K as estimated from finite-element calculations. This is comparable to the temperature change that we estimate from applying a writing current density of 4 × 10 7 A/cm 2 , so it is reasonable to think the laser may affect the local Néel orientation. In Fig. S4 we plot the initial image (1), an image after scanning the laser over the sample 4 times without applying current (2), another image taken immediately afterwards (3) , and the image differences (2 − 1 and 3 − 2).
We observe that the domain structure is initially dominated by positive voltage in 1. After repeatedly scanning the laser, we see in 2 that the dominant positive orientation has disappeared but the T-domain structure is unchanged. 3 is nearly pixel-for-pixel identical to 2, which means that the laser has no further effect after 2. We interpret this result as follows: of the six possible S-domains, initially ones with positive N x are dominant. Laser heating locally destabilizes the Néel order and causes domain flopping until the S-domains are stable in local lowest-energy configurations, which is why the orientation is more random in 2 and repeats almost exactly in 3. This process is irreversible and occurs almost uniformly over the whole sample (seen in 2 − 1), quite different from the localized flopping and domain motion produced by spin-torque switching.
B. Characterizing T-domains with atomic force microscopy
In addition to antiferromagnetic S-domain contrast, we observe sharp straight lines of contrast in the LSSE images that we interpret as T-domain walls. Within a T-domain the sample surface is thermally isotropic in the plane, therefore voltages from conventional in-plane Seebeck effects cancel in detail. At a boundary between T-domains of different heights, however, there is a corresponding jump in in-plane thermal conductivity. This results in a dipole-like artifact in the LSSE images from the conventional in-plane Seebeck effect, with positive voltage on one side of the boundary and negative voltage on the other. Changes in sample height at T-domain boundaries are also visible in atomic force microscopy (AFM), offering a method to check our LSSE image interpretation. In Fig. S5 , we compare LSSE images with AFM images in both annealed and unannealed samples. Figure S5 demonstrates that prominent T-domain walls in LSSE images are indeed present in AFM images, highlighted in (c) and (d). In addition, some apparent T-domain lines in the LSSE images are not present in the AFM images, which are most clearly seen in the unannealed sample. This may occur because the LSSE signal is sensitive to both the top and bottom Pt/NiO interfaces while the AFM is only sensitive to the top Pt interface. In addition, some apparent T-domain lines in the AFM images do not appear in the LSSE image, which may occur at boundaries between T-domains of nearly equal height. Since the boundary width (∼ 50 nm) is much narrower than the 700 nm laser spot diameter, it is not visible in the LSSE image unless the thermal conductivity is significantly different on both sides.
C. Control measurements on non-magnetic Pt/MgO
We perform control images on non-magnetic 10 nm Pt/20 nm MgO, sputtered on sapphire, to check for nonmagnetic artifacts in our signal. For example, inhomogeneities in film thickness could cause local inhomogeneities in resistivity, which could lead to voltages from conventional in-plane Seebeck effects. In addition, high local current densities can create sample defects which could appear like switching in the LSSE images. We image 10 µm-wide Hall crosses of Pt/MgO at the same 3.4 mJ/cm 2 laser fluence we use for Pt/NiO/Pt, after applying similar current densities. Results are shown in Fig. S6 . Note we make electrical contact to the bottom and right branches in an L-shape instead of the top and bottom contacts as in the Pt/NiO/Pt samples. This is done so that we can apply current along 45
• diagonals with only two contacts. We observe submicron contrast which may represent local resistance fluctuations from surface roughness in the Pt layer, which we expect to be more prominent in the polycrystalline Pt/MgO samples than in the epitaxial Pt/NiO/Pt samples. Taking the difference after applying I + and I − , we observe nearly spatially uniform changes in contrast, which are repeatable. Their origin is unknown: we speculate that they may be due to current-induced motion of sample defects. However, non-magnetic changes in contrast do not resemble local domain flopping or large domain motion. In addition, the overall magnitude of the non-magnetic signal is 5-10 times smaller than the LSSE signals from Pt/NiO/Pt, as we show in Fig. S7 by plotting images of Pt/MgO, unannealed Pt/NiO/Pt, and annealed Pt/NiO/Pt all on the same color scale. We conclude that spurious non-magnetic signal does not contribute significantly to the LSSE images of NiO. • diagonals in the center. Non-magnetic contrast may be due to in-plane Seebeck voltages from local resistance fluctuations. We observe repeatable changes in contrast after applying 4 × 10 7 A/cm 2 current density. Although the origin of the change in contrast is unknown, it is nearly uniform over the sample and does not exhibit domain flopping or domain motion.
S4. AVERAGING PROCESS FOR LSSE IMAGES
In the main text, we compare images of the Néel orientation with the electrical readout by averaging the pixels in the LSSE images in and near the center of the 10 µm-wide Hall cross and comparing to R H . As shown in Figure  S8 , we average pixels within a 12 µm-wide square centered on the cross center to ensure that contributions from the corners are incorporated. The correct dimensions that should be used for the averaging window are not obvious, since current flow is non-uniform within the cross. Therefore, the error bars on the average V LSSE in Fig. 2(e) and Fig.  3(c) in the main text are determined by calculating the change in the average V LSSE after varying the dimensions of the averaging window by 2 pixels in both the x and y-directions. In principle the pixels within the averaging window should also be weighted by the spatially-varying current density, but as a first approximation we average all pixels equally.
S5. TESTING FOR UNCOMPENSATED FM MOMENTS
We systematically check for uncompensated moments in our Pt/NiO/Pt samples that are distinct from the top and bottom uncompensated AF monolayers. These uncompensated moments would contribute to the V LSSE signal through a ferromagnetic spin Seebeck effect. Possible sources include bulk uncompensated moments in the NiO [62] , interfacial uncompensated moments separate from the 111 interfacial uncompensated AF monolayers [28] , canted moments at the Pt/NiO interfaces from symmetry breaking, and proximity-induced magnetization in the Pt. We first take LSSE images of an unannealed Pt/NiO/Pt sample at ±250 mT, the largest field we can apply in our setup, as shown in Fig. S9 below.
The LSSE signal is nearly pixel-for-pixel identical at ±250 mT, which we expect since the spin-flop field in NiO is near 7 T [63] and the threshold field for domain motion is 1.5 T [64] .
We perform polarized neutron reflectometry (PNR) on an unpatterned Pt/NiO/Pt film at room temperature to measure any overall magnetic moment in the film stack at 0.7 T applied field. The spin asymmetry plot is shown in Fig. S10 . Within sensitivity we measure no spin asymmetry and thus no net moment. We place an upper bound on the magnetization that could be present by modeling the expected spin asymmetry from a single polarized monolayer, which we choose in order to simulate uncompensated interfacial moments. We obtain a maximum magnetization of 0.75 µ B /Ni, ruling out a fully magnetized (1.9 µ B /Ni) monolayer.
Uncompensated moments could still be present if they are pinned by the Néel order and the Néel orientation averages to zero on the scale of microns to tens of microns. In Figure S11 we search for local moments by performing scanning SQUID microscopy, which directly images magnetic flux with ∼ 1 µm resolution, on an annealed 10 µm-wide Pt/NiO/Pt Hall cross at a temperature of 7 K.
In Fig. S11(a) we locate the sample by imaging the flux while applying DC current through the vertical branch, and then in Fig. S11(b) we image the same region again with no current applied. The sample edges are outlined in white. Out-of-plane moments would produce signal in the width of the channel, while in-plane moments would produce signal at the sample edges. However, Fig. S5(b) shows no contrast within sensitivity, so we do not measure any moment. By modeling the expected response from a magnetized surface monolayer, similarly to the PNR results, we calculate an upper bound of 8 × 10 −4 µ B /Ni local magnetization. The combination of insensitivity of the LSSE signal to magnetic field with null results from PNR and scanning SQUID leads us to conclude that our V LSSE signal measures an antiferromagnetic spin Seebeck effect in NiO, rather than a ferromagnetic SSE from uncompensated moments.
S6. EFFECTS OF TWO Pt/NiO INTERFACES ON THE LSSE SIGNAL
Finite-element simulations in Fig. S15 show that the laser-induced thermal depth profile in Pt/NiO/Pt is dominated by temperature discontinuities at the Pt/NiO interfaces. The temperature drop across each interface is nearly equal, so we expect both interfaces to contribute to the LSSE signal. We measure these contributions separately by imaging control samples of unannealed MgO/4 nm Pt/10 nm NiO and MgO/10 nm NiO/4 nm Pt, patterned into 10 µm × 50 µm Hall crosses, using the same 3.4 mJ/cm 2 fluence we use in the main text. Results are shown in Fig. S12 . Figure 3 of the main text. We obtain the average VLSSE values in Fig. 3(c) and Fig. 3(e) by averaging all the pixels in each image within a 12 µm × 12 µm square region centered on the cross center, represented by the dashed lines.
FIG. S8. The LSSE images from
FIG. S9. LSSE images of Pt/NiO/Pt at ±250 mT magnetic field. We observe no change in contrast within our sensitivity, which is consistent with an antiferromagnetic LSSE origin since the spin-flop field for NiO is 7 T and the threshold field for domain wall motion is 1.5 T.
T-domains are visible in all images and S-domain contrast is visible at least in sample 2 in Fig. S12(a) . T-domain walls are more numerous and prominent in images of a single interface, seen especially in Fig. S12(a) , than in the Pt/NiO/Pt images. In addition, the LSSE signal from the NiO/Pt interface in (b) is a factor of 5 weaker than the signal from the Pt/NiO interface in (a), which suggests that differences in interface quality may cause one interface to contribute more heavily than the other. Nevertheless, we consider the effects of both in the interpretation of V LSSE in terms of the local Néel orientation. Figure S13 shows that J C and therefore the inverse spin Hall voltage generated from the top and bottom AF monolayers of the NiO adds together when the spins are parallel (a) and cancels out when they are antiparallel (b). This is because the direction of the spin current J s follows the interfacial temperature drop ∆T , which is in the same direction at both Pt/NiO interfaces.
Since the sign of the interfacial spin Seebeck voltage is sensitive to the termination of the topmost layer, we expect that both step roughness and surface defects [52] , which decrease the magnetization of the top monolayer, will decrease the spin Seebeck voltage probed by the 700 nm laser spot. The situation may be analogous to that of exchange bias in antiferromagnet/ferromagnet bilayers [65] . Uncompensated moments at the AF surface produce the exchange bias, but direct measurement of the surface of uncompensated AFs yield a magnetization that is only a few percent of a fully magnetized monolayer, which is partially due to surface roughness. More careful studies are necessary to fully characterize the effects of roughness on the LSSE signal, perhaps starting with LSSE imaging of NiO(001), which has 
S7. CHARACTERIZATION OF SPIN-TORQUE SWITCHING
To characterize both reproducibility of spin-torque switching at a given writing current density and the magnitude of switching as a function of current density, we measure R H in an unannealed 15 µm-wide Hall cross after toggling between 45
• writing current directions as described in the main text. Results are shown in Fig. S12 : each point represents R H after toggling the current direction. FIG. S14. RH in a 15 µm-wide Pt/NiO/Pt cross as a function of writing current density, alternating between I 45 • and I −45 • at each point. An initial ∆RH of 100s of mΩ is consistently followed by ∼ 50mΩ changes, which may be correlated with the decrease in domain wall motion that we observe in LSSE images. At 3.2, 3.9, and 4.2 ×10 7 A/cm 2 , highlighted in the plot, the polarity of the switching seems to reverse, which may be due to different threshold current densities for switching in different spatial regions of the sample.
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We find a much larger (100s of mΩ) change in R H after the first several switching attempts at a given current density than the ∼50 mΩ changes that follow, which is consistent with a decrease in antiferromagnetic domain wall motion. Surprisingly, the polarity of switching seems to reverse, between N rotating towards J W and N rotating perpendicular to J W , at 3.2 × 10 7 A/cm 2 , 3.9 × 10 7 A/cm 2 , and 4.2 × 10 7 A/cm 2 . This could reflect a combination of the 3-fold in-plane magnetic anisotropy within a T-domain, which favors flopping of the Néel vector between easy axes rather than continuous rotation, and magneto-elastic interaction, which results in spatially varying threshold current densities for switching. Further studies combining SMR measurement with LSSE imaging are required to fully understand the complicated switching dynamics.
S8. FINITE-ELEMENT CALCULATIONS OF LASER HEATING
We perform finite-element calculations of laser heating in Pt/NiO/Pt trilayers using the COMSOL Multiphysics R software package. We calculate the temperature profile by solving the radially symmetric heat diffusion equation, modeling the laser as a distributed heat source that exponentially decays with thickness according to the skin depths of Pt and NiO. In Fig. S13(a) we plot the temperature at the NiO surface as a function of time after the heating pulse arrives. We estimate that at 3.4 mJ/cm 2 fluence, the top surface of the top Pt layer reaches a maximum temperature of 400 K, and the top surface of the NiO reaches a maximum temperature of 370 K. Temperature as a function of depth at peak heating, 50 ps after pulse arrival. We assume a thermal conductance of 500 MW/m 2 · K at both Pt/NiO interfaces, which is typical for epitaxial, lattice-matched interfaces [66] . The temperature drop across each interface is about 30
• C compared with 2 • C drop across the NiO thickness, leading us to conclude the interfacial spin Seebeck effect is more strongly excited than the bulk.
In Fig. S13(b) we plot the temperature depth profile near peak heating, which is 50 ps after the arrival of the 3 ps pulse. The profile is dominated by the thermal resistance between Pt and NiO: assuming an interface thermal conductance of 500 MW/m 2 · K, which is high even for epitaxial interfaces [66] and thus probably an overestimation, the temperature drop is ∼ 30
• C across each Pt/NiO interface compared with 2 • C across the NiO thickness. Although we do not know the values of the interface and bulk antiferromagnetic spin Seebeck coefficients, the thermal profile suggests that the interface AF LSSE is more strongly excited than the bulk.
S9. FINITE-ELEMENT SIMULATIONS OF CURRENT FLOW IN A CROSS
During the switching process, we apply current to adjacent arms of the cross such that the current flows along a 45
• diagonal in the center, which means that the current density is spatially nonuniform. We simulate the spatial current profile in COMSOL in Fig. S14 .
We estimate current densities of 3.8 × 10 7 A/cm 2 within the channel, 3.1 × 10 7 A/cm 2 at the center of the cross, and 8 × 10 7 A/cm 2 at the corner. Higher current density at the corner is consistent with the switching profile in annealed NiO, shown in Figure 2 of the main text, where most of the repeatable switching occurs at the corner. Since annealing stabilizes the S-domains in local low-energy configurations, higher current density is necessary to rotate them. Similar current densities within the channel and at the center of the cross are consistent with switching occurring in both regions in unannealed samples. S11 FIG. S16. Simulated magnitude of current density during the switching process, when the current is applied along a 45
• diagonal. We estimate densities of 3.8 × 10 7 A/cm 2 within the channel, 3.1 × 10 7 A/cm 2 at the center of the cross, and 8 × 10 7 A/cm 2 at the corner. This is consistent with switching occurring mostly at the sample corner in annealed samples, and also with switching occurring both within the cross channel and at the center in unannealed samples.
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